Exposure of freshwater fish to freshwater containing calcium and magnesium ions in concentrations found in seawater reduces prolactin cell activity to the low values characteristic for seawater fish. When applied in the same concentrations, calcium is more effective than magnesium. High sodium concentrations have only small effects. Transfer of fish to freshwater or seawater with reduced ionic calcium and magnesium levels activates the prolactin cells. In these experiments plasma ionic calcium and sodium levels were negatively correlated with prolactin cell activity, while thickness of the epidermis and density of the epidermal mucocytes were positively correlated with prolactin cell activity. It is concluded that ionic calcium concentration, and not osmolarity or sodium content, is the main environmental factor in the control of prolactin secretion in sticklebacks.
One of the most prominent functions of teleost prolactin is its role in hydromineral regulation of freshwater fish. The hormone controls the permeability of skin and gills for ions and water and promotes sodium retention and water release by the kidneys. In/most euryhaline species prolactin cells are more active in freshwater than in seawater. Considerable activation of these cells after transfer of seawater-adapted fish to freshwater has been frequently reported (Nagahama et rrl., 1973; Schreibman et rrl., 1973) . It has been suggested that changes in sodium content and total osmolarity of the environment account for the enhanced prolactin cell activity. This effect is supposed to be mediated by plasma sodium concentration and plasma osmolarity (Ball and Ingleton, 1973; Nagahama et rrl., 1974 Nagahama et rrl., , 1975 Wigham and Ball, 1977) . The importance of these blood factors for the control of prolactin secretion is mainly based on in vitro studies (Ingleton et crl., 1973; Zambrano et r/l., 1974; Nagahama et t/l., 1975) .
For several teleost species it has been demonstrated that prolactin cells are under inhibitory hypothalamic control (Zambrano et rrl., 1974) . This does not exclude the possibility that these cells are influenced directly by various blood factors, but it may implicate that the in vitro results do not fully apply to the in vi19o situation. The possibility that ions other than sodium affect prolactin secretion deserves attention, since there is evidence that prolactin is involved in the control of several ions, including calcium (Chan et rrl., 1968; Ogawa, 1968; Pang et trl.. 1973 ). Pang and coworkers have suggested that prolactin has a specific hypercalcemic effect, distinct from its influence on plasma sodium concentration The effects of internal as well as external calcium levels on prolactin cell activity are hardly known, however.
In this paper an attempt is made to identify the environmental factors responsible for the differences in prolactin cell activity between freshwater and seawater fish. Three-spined xtickleback:, were e\pc~\ed to medi;i of varying osmotic and ionic i'clnipocition. and the effect\ on prolxtin cell structure w'ere analyzed. In addition. ykin. epidermal mucocytes. and plasma elrctrolyteb were studied. The layer of mucu\ as well a\ the epidermiy determine the osmoregulatory properties of the integument and are supposed to be under control of prolactin.
at least under freshwater c~onditions (Mattheij and Stroband. 197 1 ; Marshall, 1976) . Special attention was paid to the effects of external sodium. calcium. and magnesium ions. The relative extent of the Golgi areas, the length of the membranes of the granular endoplasmic reticulum, and the volume of the mitochondria were determined by morphometrical analysis of electron micrographs. Samples of 500 pm" of cytoplasm of each of three animals of groups F2 and SI were analyzed at a final magnification of 15,000x, using Kontron MOP AMOI equipment.
MATERIALS AND METHODS

RESULTS
Prolactin cells and skin were studied by light and electron microscopy in freshwater-and seawater-adapted sticklebacks and in specimens adapted to Hale's seawater. This solution of six salts is similar to seawater as far as osmolarity and concentration of the quantitatively most important ions are cium-and magnesium-free artificial freshwater and seawater were studied, as well as the effects of solutions, in freshwater, of chloride salts of sodium, calcium, and magnesium.
The prolactin-producing acidophilic 77 cells are located in the rostra1 pars distalis of the pituitary gland. The secretory activity of these cells was assessed by calculation of cell and nuclear volumes. The results are presented in Fig. la and b . In freshwater-adapted fish (F2), cells and nuclei were large. Arrays of granular endoplasmic reticulum were found at the periphery of the cells and around the nu- 
Ffc. I. Cell (a) and nuclear (b) volumes of prolactin cells of fish exposed to several media (mean + SEM; n zz 5). For details on the media, see Materials and Methods. FW, freshwater; SW, seawater; contr., controls.
cleus. Most Golgi elements were concentrated in a central area (Fig. 2) . The elongated Golgi saccules were surrounded by many small clear vesicles, some multivesicular bodies, and a few presecretory granules. The mitochondria were large and showed well-developed cristae. Some mitochondria contained cytoplasmic inclusions when viewed in cross-sections ( Fig.  4) . These inclusions may represent indentations of the cytoplasm which penetrate deep into the mitochondria.
Similar structures have been described as multilamellar organelles by Leatherland (I 970). Occasionally, indentations of the outer cell membranes were observed that contained electron-dense material at the outside of the cells. They are suggestive of hormone secretion by exocytosis (Leatherland, 1970) . In seawater fish (S I ) cell and nuclear volumes were considerably smaller than in freshwater fish, namely, by 39 and 32% (P < 0.01). Stereological analysis of small samples indicated that, per cell, the amount of granular endoplasmic reticulum and the extent of the Golgi areas were less than 40% of the freshwater values. Values for granular endoplasmic reticulum, the extent of the Golgi zones, and total volume of the mitochondria amounted to less than 40% of the values found in freshwater fish. The individual mitochondria were also smaller than those in freshwater fish and the cristae were less extensive. Mitochondria containing cytoplasmic inclusions were not found (Fig.   3 ). Multivesicular bodies were scarce, and phenomena indicative of exocytosis were hardly observed.
In calcium-and magnesium-free freshwater (FI) the values for cell and nuclear volume of the prolactin cells surpassed the high values found for freshwater fish. In fish exposed to freshwater enriched with sodium (F3) at a concentration present in seawater (410 mmoliliter), cell and nuclear volumes were not significantly different from those for freshwater controls, while at the ultrastructural level the cells showed the normal freshwater appearance. In freshwater containing a relatively low magnesium concentration (IO mmol/liter; F4) the mean values for cell and nuclear volume were slightly below the values of the freshwater controls. However, in freshwater enriched with magnesium (F5) or calcium (F6) at concentrations present in seawater (56 and IO mmoliliter, respectively), cell and nuclear volumes were about 30% smaller (P < 0.01) than those of the freshwater controls and reached values similar to those of the seawater controls. The ultrastructur-e of the cells showed the features typical for seawater fish (Fig. 6) , such as small amounts of granular endoplasmic reticulum, small Golgi areas with low numbers of Golgi vesicles, and absence of the phenomena of exocytosis.
In addition. it was observed that presecretory granules were exceptionally scarce, while autophagous vacuoles were occasionally seen ( 5). Such vacuoles were not found in seawater or freshwater controls. Lysosome-like dense bodies were also more numerous than in seawater or freshwater fish. These observations point to intracellular digestion of superfluous cell organelles in the prolactin cells during exposure of fish to high levels of calcium and magnesium. In fish from seawater with low calcium and magnesium levels (S2) cell and nuclear volumes differed significantly from those of the seawater controls (P < 0.01) and reached values as high as those of freshwater fish.
Mucocytrs clnd Skin
The multilayered epithelium of the skin contained many cells producing mucus with a strong affinity for PAS. They were distributed in the upper layers of the epithelium, often in contact with the exterior. The density of the mucocytes varied considerably in different parts of the epidermis, but proved to be fairly constant in the lateral body wall around the anal opening. It was in this area that the density was determined. In sticklebacks adapted to freshwater (F2) the density of these cells (Fig. 7a ) was higher than in seawater fish (SI; P < 0.01). In the skin of fish exposed to calcium-and magnesium-free freshwater (F I) these cells were more numerous than in freshwater controls (P < 0.001). In sodium-enriched freshwater (F3) the density of these cells was unchanged when compared to the con- FIG. 7. Density (a) of mucocytes (number of cells found in cross-sections of the epidermis with a total length of 50 mmianimal) and thickness (b) of the epidermis of fish exposed to various media (mean + SEM; n = 5). For details on the media see Materials and Methods. FW, freshwater: SW. seawater; contr., controls. trol value, but in magnesium-enriched and, more especially, calcium-enriched freshwater (F5, 6) the numbers of these cells had decreased (P < 0.01). The cells occurred at the low densities characteristic of seawater fish. The thickness of the skin epithelium ( Fig. 7b) showed differences between the various experimental groups which parallelled the differences in the density of the mucocytes (correlation coefficient I': 0.88; P < 0.01). The differences (P < 0.01) between the low epithelium heights in fish in the calcium-and magnesium-rich solutions (F5, F6, S I), as compared to those of fish in the media with low levels of these cations (FI, F2, S2), were due to flattening of the cells in the upper epithelial layers. The density of the mucocytes as well as the thickness of the epithelium were both highly correlated with prolactin cell size (1.: 0.96 and 0.93; P < 0.001).
Pltrsma Sodium. Crrlcium, trnd Osmoltrrity
Despite the large variations in sodium content and osmolarity of the media, the corresponding plasma values showed only relatively small differences (Table I) . The plasma osmolarities of fish exposed to the high sodium solution (F3) and to both seawater solutions (SI, S2) differed significantly from the value of the freshwater control group (P < 0.01). Relatively large variations occurred in plasma calcium levels. In fish from media with high calcium b thtckness of epidermis andior magnesium concentrations (t-.<. Fh. SI) plasma calcium levels IVCIX xuh<tantiaily higher (Y 0.0 I ) than in low calcium and magnesium solutions (Fl. F?, t.3. S7). Internal ionic calcium as w~ell as \cJdium concentrations.
but not plasma o\molarity were negatively correlated with prolactin cell volume (1.: -0.85 and -0.86: P 0.01 ).
DISCUSSION
Control t!f' Prol(ictin .Tc~c.rrtioil Prolactin cells in sticklebacks appeared to be better developed in freshwater than in seawater specimens.
Our structural data agree with those reported for the same species (Leatherland. 1970; Benjamin. 1974 ) and many other teleosts (Schreibman c't (I/., 1973) . They point to a higher rate of prolactin secretion in freshwater fish. The low activity of prolactin cells in teleosts from the sea or from hypersaline lagoons has been related to the high salinity of the environment (Schreibman c't t/l., 1973: Nagahama ct r/l.. 1973). Our data on sticklebacks
show that low prolactin $ecretion in seawater is related to the presence of high external concentrations of calcium and magnesium.
In freshwater solution. both ions reduce prolactin cell activity, although in solutions of the same concentration calcium is more effective.
Thus. in a natural freshwater environment ionic calcium is likely to be the decisive environmental factor in the control of prolactin secretion, as far a\ the role of this hormone in osmoregu-l&ion is concerned.
The control mechanisms of prolactin secretion in teleosts are complicated. not the least since this hormone has several functions.
An inhibitory influence by the hypothalamus is undoubtedly one of the mechanisms.
but ;I direct effect of plasma factors is also indicated (Zambrano ct trl.. 1974; Nagahamaot Ill.. 1974 . 1975 Wigham and Ball. 1977 
1974:
Baker and Ingleton, 1975) . Our resulta show a negative correlation of prolactin cell activity to both plasma sodium and plasma ionic calcium.
No indications
were found that plasma o\molarity is involved in the control of prolactin cell activity.
Thus. in this respect the above mentioned i/l l-it/.() results do not
LIPPlY to the iti r,i\,o Gtuation Gf sticklebacks.
Whether sodium or calcium is the primary plasma factor in the control of prolactin secretion cannot he concluded from the present rxperimentx, Thi\ problem is under investigation.
.Although the majority of the investigations on teleost prolactin have been focused on the effects of thi\ hormone on water and sodium balance, there are several indications in the literature that it is involved in the endocrine control of calcium metabolism as well. Teleosts are able to control internal calcium levels very efficiently. even in freshwater with very low calcium levels (Pickford ct t/l.. 1969) . However. a hypercalcemic factor homologous with the parathyroid hormone of higher vertebrates has not been demonstrated 50 far. In teleosts the pituitary gland is likely to be responsible for the maintenance of high plasma calcium level\ in ;I low-calcium en-vironment. Hypophysectomy leads to reduction of the ionic calcium concentration, in addition to low sodium and chloride levels, This effect has been demonstrated in several freshwater species (Chan et rrl., 1968; Ogawa, 1968; Pang et trl., 1973) . Injections of prolactin and, to a lesser extent, cortisol enhance the levels of all these ions (Pang et ul., 1973) . Pang and co-workers concluded that prolactin has a distinct hypercalcemic action. This effect may be antagonistic to that of the hormone produced in the Stannius corpuscles, hypocaltin. Our finding in sticklebacks of an inverse relationship between prolactin cell activity and external as well as internal calcium levels is in line with the presumption of a hypercalcemic function for prolactin.
The calcium concentration of the environment represents an important factor for the ecological distribution of teleosts (Evans. 1975) . Maintenance of ionic balance in freshwater fish requires more energy when calcium levels are low (Eddy, 1975) . Freshwater adaptation of euryhaline species is greatly facilitated by the presence of calcium ions and several stenohaline marine fish can even tolerate freshwater if the calcium concentration is sufficiently high (Hulet et t/l., 1967; Carrier and Evans, 1976) . The degree of euryhalinity of a fish is mainly determined by the efficiency of its mechanisms to regulate sodium permeability of the integument in the absence of high external calcium levels (Evans, 197s) . In this condition prolactin is likely to be the predominant hormone for the control of these mechanisms.
There are some interesting similarities between the effects of high external calcium levels and the effects of prolactin on sodium balance. Pickford et rrl. (1966) demonstrated that, in hypophysectomized killifish (Fundulus krrnstrc) exposed to deionized water, both the addition of calcium to the medium and injection of prolactin were ef-fective in raising internal sodium levels. There is evidence from several freshwater species that external calcium and prolactin are able to maintain plasma osmolarity and sodium concentration, although to a varying extent in different species. The main mechanism involved is the reduction of ion fluxes over the integument (Potts and Fleming, 1971; Ensor and Ball, 1972; Evans, 1975; Carrier and Evans, 1976; Oduleye, 1976) . Magnesium has a similar action, although it is less effective than calcium (Cuthbert and Maetz, 1972; Eddy, 1975) . Both cations can influence structure and function of membranes by modifying their macromolecular organization, including enzymatic activities (Azzi et cl/., 1975) . Whether the actions of these ions and of prolactin on ion fluxes are similar at the molecular level remains to be established.
An increase in external calcium and magnesium reduces the permeability for water of the teleost integument (Potts and Fleming, 1970) . In his studies of the isolated gills of the Japanese eel Ogawa ( 1975 Ogawa ( , 1977 showed that bovine prolactin has the same effect as external calcium ions on water balance. Both reduce osmotic water influx and osmotic permeability to water. However, in the killifish Fundulus kanstlr (Potts and Fleming, 1970) and brown trout (Sulmo truttu; Oduleye, 1975) , ovine prolactin has been found to increase water permeability and it has been concluded that prolactin and calcium ions have opposing actions on water balance.
Proluctin rrnd the Epidermis
In sticklebacks the thickness of the epithelium of the skin and the density of the mucocytes are higher in freshwater than in seawater. A similar observation has been made by Mattheij and Stroband (197 I) on Cichlrrsomu hiocellatum. Mucocytes, like the nonsecretory epidermal cells, differentiate from cells originating in the basal layer of the epithelium of the skin. In trout (Srrlmo tr-uttu) it takes about a week for the cells to reach the superficial layers and >lart the release of mucus on the sulfacc of the skin. They degenerate after some days (Pickering, 1976) . Thus. it may he assumed that the life span of the mucocylei in sticklebacks is less than the duration of our experiments.
In trout and char ~Strl~lin~.s rr/pinu.s! a positive correlation has been found IXtween the density of the epidermal mucocytes and the amount of mucus present on the skin (Pickering. 1974) . This mucous layer has been thought to act as a protective barrier in an environment of low salinity (Johnson, 1973) . Our data show, however. that, in sticklebacks. thickness of the epidermis and density of the mucocytes are not influenced by external osmolarity ot sodium levels. Both parameters at-e inversely related to the external concentrations of calcium and, to a lesser extent, magnesium. Moreover, they are positively correlated with prolactin cell activity. These observations are in line with the presumption. based on the results of prolactin injections in intact and hypophysectomized fish (Mattheij and Stroband. 1971; Olivereau and Lemoine. 197 1; Marshall, 1976) , that thickness of the skin. density of the mucocytes. and thickness of the slime layer covering the skin are controlled by prolactin in many species. Control by prolactin was. however. not indicated in all species studied (Bern, 1967 : Marshall, 1976 .
The observed relationship among density of mucocytes, external calcium concentration. and prolactin cell activity in the stickleback is of interest since telcost mucus has specific calcium binding properties (Chartier. 1973) . The presence of a mucous coating may therefore enhance the calcium concentration at the surface of the integument. It may maintain therefore a low rate of permeability for water and ions even in a low-calcium environment. As mucus secretion is likely to be controlled by prolactin, it is possible that this hormone is also responsible for the calcium binding activit! of the slime layer-. such a mechanism wcruld explain the similarity betucen the effect:, of external calcium iOn\ and pi olact~n 017 sodium permeability rjf' the inttgumenr
